Proc. Symposium on Fundamental Issues Fundamental lssues
in Elementary Matter (2000) 000—000 in Elementary Matter

Bad Honnef, Germany
September25-29,2000

PeripheralCollisionsof Relatvistic Heary lons

C.A. Bertulant-?

1 Institutode Fisica,Universidadé=ederaldo Rio de Janeiro
21945-97(Rio deJaneiroBrazil

2 Departmenbf Physics BrookhavzenNationalLaboratory
Upton,NY 11973-5000USA

Abstract. Thephysicsof peripherakollisionswith relativistic heary ions (PCRHI)is
reviewed. One-andtwo-photonprocessearediscussed.

1. Intr oduction

Peripherakollisionsof relativistic heary ions have attracteda greatnumberof theoretical
andexperimentalwork (seeg.g.[1] andreferencesherein).lt is the purposeof this article
to review thesephenomena.

2. Peripheral Collisions

This field wasbornin 1924,whenE. Fermihadan ingeniousideaof relatingthe atomic
processemducedby fastchaigedparticles(the electron)to processesducedby electro-
magnetiovaves.In 1934-1935Weizsacker andWilliams corrected=ermi’s calculationby
includingtheappropriateelativistic corrections Theoriginal Fermi'sideais now known as
the WeizsaclkerWilliams method[2], anapproximatiorwidely usedin coherenprocesses
in QED andQCD. In this methodthefield generatedby a fastparticleis replacedy a flux
of photons(QED), or a flux of by mesonsandgluons(QCD) [3]. The numberof equi-
alentphotons,n(w), of givenenepy, w, in peripheralcollisionsof relatiistic heary ions
(PCRHI) canbe calculatedclassically or guantum-mechanicallyFor the electricdipole
(E1) multipolarity bothresultsareidenticalunderthe assumptiorof very forward scatter
ing [3]. In Ref. [3] thenumberof equivalentphotonsfor all multipolaritieswascalculated
exactly. It wasshawn thatfor the electricdipole multipolarity, E1, the equivalentphoton
numberng1(w), coincideswith the onededucedy Weizsacker andWilliams. It wasalso
shawvn thatin the extremerelativistic collisionsthe equivalentphotonnumberdor all mul-
tipolaritiesagree,i.e. ng1(w) ~ Ng2(w) ~ Nu1(w) ~ ... . Thecrosssectionsfor one-and
two-photonprocessedepictedn Fig. 1a,baregivenby
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wherea}, (w) is the photon-inducedrosssectionfor the enegy w anda¥ (wy, ) is the
two-photoncrosssection. Note thatwe do not refer to the photonmomenta.The virtual
photonsarereal: g% = 0, arelationalwaysvalid for PCRHI.
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Fig. 1. PCRHIprocesseda)one-photon(b) two-photonc) bremsstrahlungd) Delbriick
scattering(e) pair-productionand(f) pair-productionwith capture

Most applicationsof PCRHI were reviewed in Ref. [4]. Sincethena greatamount
of work hasbeenperformedin this field. | will only be ableto quotea shortnumberof
references.

2.1. Bremsstrahlung and Delbriick scattering

BremsstrahlungFig. 1c)is aminoreffectin PCRHI[4]. Thecrosssectionis proportional
to the inverseof the squaremassof the ions. Most photonshave very low enegies (in-
frared).For 10 MeV photongthecentralcollisions(CCRHI) deliver 10° morephotonsgthan
the PCRHI[5]. However, bremsstrahlungould be relevantto obtaininformationon the
elasticscatteringpf photonsoff unstableparticles)ik e pions:Z + m— Z 4+ 11+ Y. For acol-
lider thebremsstrahlungrosssectionis givenby doy/dw =167°a3 (3wA?m3) ) “n(y/wR),
wheremy is the nucleonmassy = 22 — 1, wherey; is the collider Lorentzgammafactor
(Yc ~ 100for RHIC/BNL) andR is thenucleardimension(R ~ 2.4 AY/3 fm) [5].

Delbriick scattering(y* +y* — y+) involves an aditional a? as comparedto pair
productionandhasnever beenpossibleto studyexperimentally The crosssectionis about
50 b for the LHC [5] andthe processs dominatedoy high-enegy photons Ey > me. A
studyof this processn PCRHIis thuspromisingif theseverebackgroungroblemsarising
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from CCRHI can be eliminated. To my knowledge, no experimentsof bremsstrahlung
or Delbriick scatteringin PCRHI have beenperformedso far. The total crosssectionfor
Delbriick scatteringw > me) in collidersis givenby o,y = 2.54Z*a*r2In® (y/meR), where
fe = ez/me is theclassicaklectronradius[5].

2.2. Atomic ionization

Atomic ionizationby RHI is usedin experimentswith fixed targetsfor the basicunder
standingof atomicstructurephysicsin high-Z few electronatomssuchashydrogen-lile or
helium-like uraniumatoms. A nice book on this subjecthasbeenwritten by Eichlerand
Meyerhof (seealsothereview by Anholt andGould)[6].
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Fig. 2. Atomic ionization crosssec- Fig. 3. Pair productionwith capture
tions for PP+ (33 TeV) beamson for PBP2t (33 TeV) beamson several
severaltargets[7] targets[7]

The crosssectionsare very large, of order of kilobarns,increasingslowly with the
logarithmof the RHI enepgy. For a fixed target experimentusing barenaked projectiles
onegets[4]: o, = Z2r2(Zra) ?[1.8m+9.8In(2y/Zr a)], which decreasewith the target
chageZr. Thisis dueto theincreaseof thebindingenegy of K-electronswith theatomic
chage. Thefirst termis dueto closecollisionsassumingelasticscatteringof the electron
off the projectile, while the secondpart is for distantcollisions, with impact parameter
larger than the Bohr radius. The probability to eject a K-electronis much larger than
for otheratomicorbitals. Recentexperimentshave reportedionization crosssectionsfor
PPt (33 TeV) beamson severaltargets[7]. In this casetherole of projectileandtarget
areexchangedn the previousequation.In Fig. 2 we shav theresultsthis equation(dashed
line) comparedo the experimentaldata. Sincethe targetsarescreenedy their electrons,
thediscrepanyg is expected.Eventhe mostdetailedcalculationsdoy Anholt andBecler [8]
(solidline) yield largercrosssectionghanthe experimentaldata.
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Non-perturbatiecalculationssolvingthetime dependenbirac equatiorexactly, were
first performedby GiesserandOakRidgegroupg10,11]. It is claimedin Ref.[7] thatsuch
non-perturbatie calculationgdo in factreproduceheir datasincethey yield crosssections
which are approximately70% the perturbatve ones[9]. However, thereare little data
availablefor a decisve conclusionaboutanappropriateheory

2.3. Free and bound—free electron—positron pair production

Betweenl933and1937,Furry, Carlson Landau Lifshitz, BhabhaRacahNishina,Tomo-
nagaandseveralothersperformedcalculationsof ete™ productionin relatvistic collisions
of fastparticles(cosmicrays)[12]. The purposevasto testthenewly bornDiractheoryfor
the positron. Startingwith the Dirac equationfor the electronandits antiparticlethey ob-
tainedthat, to leadingorderin y, o = (28/27mz322r2In*(y/4). Unfortunatelyin view of
theexperimentadifficulties,theseresultscouldnever beenfully tested A renevedinterest
in this processappearedvith the constructionof relatiistic heary ion accelerators.For
heavy ionswith very large chage (e.g.leador uranium)the pair productionprobabilities
andcrosssectionsarevery large. They cannotbetreatedto first orderin perturbatiorthe-
ory [4], andaredifficult to calculate.This resultedin a greatamountof theoreticaktudies
[13]. Theformulationof the problemwith useof numericalalgorithmshasvariedwildly
amongseveral groups. Semi-analyticabpproachesave alsobeenused. The comparison
amongall theseresultsis ratherdeceving, sincevery differentresultsare obtainedfor the
productioncrosssections,sometimediffering by ordersof magnitude. The perturbatve
calculationsare simpleto write down, but involve rathercomplicatedntegrals, specially
for low enegy electrons,dueto the distortion and relatiistic effects on the continuum
electronicwavefunction[6]. Screenings alsoa sourceof problems.The non-perturbatie
calculationsaresimplerto formulate,but areuselessvithout a numericalalgorithmwhich
containgmplicit approximations.

Recently gooddevelopmentsn moretractableformulationsof the problemappeared
in theliterature.Onereplaceghe Lorentzcompressedlectromagnetitieldsby deltafunc-
tions, works with light conevariables,and obtainsalmostclosedform expressiong14].
However, someof theseworks have beenstronglycriticized [15] becausehey do not ac-
count properly for Coulombdistortion of the lepton wavefunctions. This problemwas
addressedgainin Ref.[16] with the conclusionthata full accountof distortionof thelep-
tonic wavefunctionshasnot beenachievedsofar. In otherwords,notheoryhasever been
possibleto tackle the multiple photonexchangebetweenthe electron(or positron)with
both the target andthe projectile. A simplethoughtrevealswhy the Coulombdistortion
is soimportant.In the frameof referenceof oneof the nuclei,the enegy spectrunmof the
emittedelectron(or positron)is pealedat € ~ 2m, [4]. This peakis dueto the Coulomb
attraction(repulsion)which eliminateslow enegy component®f the leptonicwavefunc-
tions,combinedwith thedecreas@ enegy of thenumberof equivalentphotonsgenerated
by the othernucleus.Changingframe of referencechangeghis picture. Thus,a correct
calculationshouldyield two peaksin the enegy distribution of the electron(or positron):
oneate ~ 2m, andanotherrounde ~ 2y2me. Thereasorit doesnotappeain perturbatve
calculationgs thatthe distortionon theleptonicwavefunctionsarecalculatedwith respect
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to only oneof thenuclei. Accountingfor thedistortionwith respecto bothnuclei,suggests
thatthetotal crosssectionshouldbe abouttwice the value obtainedoy Landauandothers
[12]. This seemdgo bea challengéfor presentheoreticakcalculations.

An importantphenomenomccurswhenthe electronis capturedn anatomicorbit of
the projectile, or of the target. In a collider this leadsto beamlosseseachtime a chage
modifiednucleugpasseby amagnedownstreani5]. A strikingapplicationof thisprocess
wasthe recentproductionof antihydrogeratomsusingrelativistic antiprotonbeamg17].
Herethe positronis producedandcapturedn anorbit of theantiproton.Early calculations
for this procesausedperturbatiortheory([8, 18,4]. Evidently, the bestway to performthe
calculationis usingthe frame of referenceof the nucleuswherethe electronis captured.
Many othercalculationshave beenperformed[13]. Someof themusednon-perturbatie
approachess.g.coupled-channelsalculations.Initially somediscrepang with perturba-
tive calculationsverefound,but laterit wasshavn thatnon-perturbatie calculationsagree
with the perturbatve onesatthe 1% level (seee.qg.first referenceof [14]). In fact,it would
be a surpriseif a differentresultwasfound. The first term of the perturbationseriesis
alreadysmallenoughto neglecttheinclusionof higherorderterms[4].

The expressions = 3.3rZ8ar2 [exp (2nZa) — 1] * [In (0.681y2) — 5/3] for pair pro-
ductionwith electroncapturein PCRHIwasobtainedin Ref. [4]. Theterm [...]’l is the
main effect of the distortionof the positronwavefunction.It ariseshroughthe normaliza-
tion of the continuumwavefunctionswhich accountdor thereductionof the magnitudeof
the positronwavefunctionnearthe nucleuswherethe electronis localized(bound). Thus,
thegreaterthe Z, thelessthesewavefunctionsoverlap. The abore equationalsopredictsa
dependencef thecrosssectionin theform o = Alny; + B, whereA andB arecoeficients
dependingon the system. This dependencevasusedin the analysisof the experimentin
ref. [7]. In recentcalculationsattentionwasgivento thecorrecttreatmenbf thedistortion
effectsin the positronwavefunction[20]. In Fig. 3 we shaw therecentexperimentabataof
Ref.[7] comparedo theabore equatiorandrecentcalculationgsecondeferenceof [20]).
Thesecalculationsalsopredictalny; dependencbut givelargercrosssectionghanin Ref.
[4]. Thecomparisorwith the experimentaldatais not fair sinceatomicscreeningvasnot
takeninto accountWhenscreenings presenthe crosssectionswill alwaysbe smallerby
atleastafactor2—4[4]. Theconclusionhereis thatpair productionwith electroncapture
is aprocesswvhichis well treatedn first orderperturbatiortheory Themainconcerns the
correcttreatmenbf distortioneffects(multiphotonscattering)20].

2.4. Relativistic Coulomb excitation and fragmentation

Relativistic Coulomb excitation is becominga populartool for the investigationof the
intrinsic nucleardynamicsandstructureof the colliding nuclei[21]. Thisis speciallyim-
portantin reactionsnvolving radioactve nuclearbeamg22]. Coulombexcitationanddis-
sociationof suchnucleiarecommonexperimentsn thisfield [1,23]. Theadwantagés that
the Coulombinteractionis very well known. The real situationis morecomplicatedsince
the contribution of the nuclearinducedprocessesannotbe entirelyseparateéh theexper
imental data. The treatmentof the dissociationproblemby nuclearforcesis very model
dependentbasedon eikonal or multiple Glauberscatteringapproache$22,24]. Among
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the uncertaintiesare the in-mediumnucleon—nucleorrosssectionsat high-enegies, the
truncationof the multiple scatteringprocessandthe separatiorof stripping from elastic
dissociationof the nuclei [25]. Nonethelessspeciallyfor the very weakly-boundnuclei,
relativistic Coulombexcitationhasleadto very exciting new results[22,24].
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Fig. 4. S-factorsfor the "Be(p,y)®B Fig. 5. Crosssectionsfor the excita-
reaction tion of the GDR andthe DGDR

TheCoulombbreakupof 1Li hasleadto interestingresultswhich gave riseto aseries
of speculationgboutthe reactionmechanismthe dynamicsandthe structureof this nu-
cleus.Onespeculate#f thereactionproceedsindera singleor multiple photon-echange
betweerthe projectileandthetarget. In the first case perturbatiortheorygivesa straight
relation betweenthe dataandthe matrix elementfor electromagnetidissociation.Such
matrix elementsarethe clearesprobesonecangetaboutthe nuclearstructureof thesenu-
clei. In the secondcase often calledby post-acceleratiopnffects[24], onehasto perform
anon-perturbatietreatmenbf thereactionwhatcomplicateghe extractionof the electro-
magnetic(mainly E1) matrix elements.By solving suchproblemsoneexpectsto learnif
the Coulomb-inducedreakupproceedwia a resonancer by the directdissociationinto
continuumstates[24]. Thereis a strongongoingeffort to usethe relatvistic Coulomb
excitationtechniquealsofor studyingthe excitation of boundexcited statesin exotic nu-
clei, to obtaininformationon gamma-decawidths, angularmomentum parity and other
propertiesof hithertounknawn stateq23].

Anotherapplicationof Coulombdissociationof radioactve nucleiis in astrophysics.
Radiative capturereactionsareknown to play a majorrole in astrophysicasites,e.g.in a
pre-supernea[26]. Someof thesereactionslik e for example,7Be(p,y)8B, canbestudied
via theinversephoto-dissociationeactiorfB(y, p)7Be. Oneoftenusegheastrophysica$-
factor definedby S(E) = Ea (E) exp[—2mn(E)], wheren (E) = Z1Z26? iy/2p12E, where
E is the relative kinetic enepgy of the two nuclei. The matrix elementsinvolved in the
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dissociatiomprocessearethe sameasthoseinvolvedin theabsorptiorby real photong4].
Oneof theexperimentausingthistechniquevasperformedatthe GSl/Darmstadf27]. The
S-factorobtainedin this experimentis shovn in Fig. 4 assolid circles. Suchexperiments
arevery importantspeciallyin thosecasesvherethe radiative capturecrosssectionis so
smallthatthe directfusion experimentsarevery difficult, or evenimpossibleto carry out.
The contribution of the nuclearinducedbreakupandof post-acceleratiopffectsalsolimit
the useof the Coulombdissociationtechniquefor this purpose.But, in view of the much
moredifficult experimenton directcapturejt is avery usefulalternatve method.

Anotherimportantapplicationof relatiistic Coulombexcitation is the study of the
DGDR (Double Giant Dipole Resonance).A GDR occursin nuclei at enegiesof 10—
20 MeV. Assumingthat theseare harmonicvibrations of protonsagainstneutrons,one
expectsthat DGDRs, i.e. two giant dipole vibrationssuperimposedn one nucleus,will
have exactly twice theenegy of the GDR [4,21]. Smalldeviationsareexpectedrom non-
harmonicpropertief thenuclearesponseA seriesof experimentsatthe GSI/Darmstadt
have obtainedenepy spectracrosssectionsandangulardistribution of fragmentdollow-
ing thedecayof theDGDR. Initially they obsenedcrosssectiongwice aslargeasexpected
from theoreticatalculations Theseresultdeadto a seriesof studiesondeviationsfrom the
harmonicpictureof the giantresonancesMore recently new experimentsandnew analy-
sishave shawvn thattheexperimentakrosssectionsareonly about30%,or less, biggerthan
thetheoreticalbnes.This is shavn in Fig. 5, wherethe crosssectiondor the excitation of
1-phonon(GDR),

-1
01~ 215N {ZyA%/s (A3 +AT°) ] ,
while for the 2-phononstateit is
-2
o~ 82 (A+AT%) 7,

whereS = 5.45x 10-423Z7 N1 A7 %/® mb. Thedashedinesof Fig. 5 aretheresultof more
elaboratecalculationsg[21]. The GSI experimentsare very promisingfor the studiesof
the nuclearresponseén very collective states.Oneshouldnoticethat after mary yearsof
study of the GDRs and other collective modes,the width of thesestatesare still poorly
explainedtheoretically even with the bestmicroscopicapproache&nown so far. The
extensionof theseapproacheso the study of the width of the DGDRswill be helpful to
improve suchmodels. Hopefully, after addressingnore fundamentabuestionson QCD
and QED of strongelectromagnetidields, someexperimentson relativistic colliderswill
alsobeproposedor thestudyof nuclearstructuressuesspeciallytheissueof the DGDR.

The DGDR contributesonly to about10% of the total fragmentationcrosssection
inducedby Coulombexcitationwith relatvistic heary ions. The main contribution arises
from the excitation of a single GDR, which decaysmostly by neutronemission. This is
alsoa potentialsourceof beamlossin relatiistic heary ion colliders[1], andanimportant
fragmentatiormodeof relatwvistic nucleiin cosmicrays.
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2.5. Meson and hadron production

The productionof heary lepton pairs (uTu~, or T717), or of mesonpairs (e.g. T 11)
can be calculatedusingthe secondof Eqs (1). One just needsthe crosssectionsfor yy
productionof thesepairs. Sincethey dependon the inverseof the squareof the particle
mass[5], the pair-productioncrosssectionsare muchsmallerin this case. The sameap-
plies to single mesonproductionby yy fusion. The yy crosssectionis givenby ayy.m =
812(2] + 1)Mm—yy 8(W2 — M2) /M, whereJ, M andIv_.,y are the spin, massand two-
photondecaywidth of the mesonW is the c.m. enegy of the colliding photons[5]. A
correctionfor the equivalentphotonnumbersis necessarysincethe two-photonenegy
folding in Eq. (1) hasto accountfor the spacegeometryof the two-photoncollision [28].

A careful study of the productionof mesonpairsand single mesonsn PCRHI was
performedecentlyin Ref.[29]. In Tablel we shav themagnitudeof the crosssectiondor
singlemesonproductionat RHIC andat LHC [29]. Also shovn arethe crosssectionsdue
to difractive processegpomeron—pomeroaxchange).We seethatthey areseveralorders
of magnitudesmallerthanthosefrom yy fusion. The crosssectionsfor the productionof
Ne, Nt andny arevery small dueto their highermasses Similar studieshave beendone
for mesonproductionin y-nucleusinteractions.Particleslike A, p, w, @, J/W¥, etc.canbe
producedn thisway [30].

The possibility to producea Higgs bosonvia yy fusion was suggestedn Ref. [31].
The crosssectionsfor LHC are of order of 1 nanobarn,aboutthe sameas for gluon—
gluonfusion. But, thetwo-photonprocessesanalsoproducebb pairswhich createalarge
backgroundor detectinghe Higgsboson.A goodreview of thesetopicswaspresentedn
Ref.[30].

Table 1. Particle productionin PCRHI at RHIC andat LHC. Massesarein MeV, decay
widthsin keV andcrosssectionsn mb. Thecrosssectionsarefor yyandpomeron—pomeron
(PP) exchangeprocessegespectiely.

Meson M Tx_., RHICy, LHC,, RHICpp LHCps

™ 135 8x10°3 7.1 40 0.05 0.367
n 547 0.463 1.5 17 0.038 0.355
n’ 958 4.3 1.1 22 0.04 0.405
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